A genome-wide transcriptional analysis was performed to elucidate the bacterial cellular response of Streptococcus mutans and Actinomyces viscosus to NaF and SnF 2 . The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of SnF 2 were predetermined before microarray study. Gene expression profiling microarray experiments were carried out in the absence (control) and presence (experimental) of 10 ppm and 100 ppm Sn 2+ (in the form of SnF 2 ) and fluoride controls for 10-min exposures (4 biological replicates/ treatment). These Sn 2+ levels and treatment time were chosen because they have been shown to slow bacterial growth of S. mutans (10 ppm) and A. viscosus (100 ppm) without affecting cell viability. All data generated by microarray experiments were analyzed with bioinformatics tools by applying the following criteria: 1) a q value should be ≤0.05, and 2) an absolute fold change in transcript level should be ≥1.5. Microarray results showed SnF 2 significantly inhibited several genes encoding enzymes of the galactose pathway upon a 10-min exposure versus a negative control: lacA and lacB (A and B subunits of the galactose-6-P isomerase), lacC (tagatose-6-P kinase), lacD (tagatose-1,6-bP adolase), galK (galactokinase), galT (galactose-1-phosphate uridylyltransferase), and galE (UDP-glucose 4-epimerase). A gene fruK encoding fructose-1-phosphate kinase in the fructose pathway was also significantly inhibited. Several genes encoding fructose/mannose-specific enzyme IIABC components in the phosphotransferase system (PTS) were also downregulated, as was ldh encoding lactate dehydrogenase, a key enzyme involved in lactic acid synthesis. SnF 2 downregulated the transcription of most key enzyme genes involved in the galactose pathway and also suppressed several key genes involved in the PTS, which transports sugars into the cell in the first step of glycolysis.
Introduction
The anticaries effects of topical fluorides are derived from multiple mechanisms, including inhibitory effects on plaque acid production (Marsh 1993; Marquis 1995) . Literature reports have long suggested that some fluorides appear more effective than others with respect to retarding acid production from sugar metabolism, and stannous fluoride has been reported to demonstrate superior activity (White et al. 1995) .
A number of studies have examined specific mechanisms for SnF 2 's unique antiglycolysis effects. SnF 2 has been shown to inhibit the growth and metabolic functions of a wide range of microorganisms (Yoon and Berry 1979; Weber et al. 1995) . In this context, a number of studies showed that SnF 2 was adsorbed readily onto bacterial cell walls and produced a variety of effects, including the reduction of bacterial adhesion and cohesion (Ota et al. 1989) . Opperman et al. (1980) showed that SnF 2 was bound to plaque bacteria-and that cysteine washing could reverse effects-suggesting that binding of thiol groups on dental plaque bacteria may be involved in the antimicrobial activity of the molecule. Lipoteichoic acid was also identified as a surface site for stannous ion adsorption on Gram-positive cocci (Skjörkand et al. 1978) . SnF 2 has been shown to accumulate intracellularly (Tinanoff and Camosci 1980) . JacksonRosario and Self (2009) reported that SnF 2 specifically impairs selenium metabolism of Treponema denticola, and inhibition of selenium metabolism led to a decrease of adenosine triphosphate (ATP) synthesis for this organism. In a particularly interesting set of studies, Yost and VanDemark (1978) compared activity of stannous fluoride and ionic fluorides on mutans streptococci and Leuconostoc mesenteroides. Their studies suggested that stannous fluoride provided unique efficacy in inhibition of bacterial glycolysis, affecting not only enolase (the role of fluoride) but also phosphoenopyrovate (carbohydrate) phosphotransferase, the latter enzyme facilitating translocation of glucose across the bacterial cell membrane to initiate glycolysis.
The application of molecular biology techniques may be useful in identification of the special properties of fluorides in suppression of plaque acid activity important to caries prevention. To our knowledge, there are no reports on bacterial responses to SnF 2 at the gene level. Streptococcus mutans is recognized to be a key bacterium associated in the development of dental caries, having been shown to metabolize a wider variety of carbohydrates than any other Gram-positive organism sequenced to date (Ajdić et al. 2002) . Actinomyces viscosus is likewise a bacterium strongly associated with the formation of root surface caries (Dame-Teixeira et al. 2016 ). Here we conducted a gene expression profiling microarray study, comparing levels of gene expression of S. mutans and A. viscosus treated by SnF 2 , NaF, and a negative control, respectively. This analysis was facilitated by available genomic characterization of these species.
Materials and Methods

Bacterial Strains and Growth Conditions
Wild-type S. mutans UA159 (ATCC 700610) and A. viscosus C505 were used in this study. The strains were grown in brain heart infusion (BHI) broth (BD Bacto) at 37°C in an anaerobic atmosphere consisting of 10% CO 2 , 10% H 2 , and 80% N 2 and were collected at the mid-log phase (OD 600 ~0.5). Cells were washed with 0.9% physiological saline twice, centrifuged, and finally resuspended in saline before further treatment.
Determination of Sn 2+ Concentrations for Bacteria Treatment
Sn
2+ concentrations tested were prepared ranging from 1 to 500 ppm. For each SnF 2 concentration, a NaF control with F − at an equimolar concentration was tested at the same time. Five hundred microliters of tryptic soy broth (TSB; BD DifcoT) was added into 500 µL of bacterial suspension in saline. Then, 1-mL 2× dosing solution was added. A 1-mL aliquot was sampled after 10 min, neutralized with Tween-modified Letheen broth (TMLB; BD Difco), serially diluted with saline, and plated on brain heart infusion agar (BHIA; BD Difco). The inoculated agar plates were incubated at 37°C in a 10% CO 2 , 10% H 2 , and 80% N 2 anaerobic atmosphere for 72 h. The colony-forming units (CFU) were counted at the end of the incubation period to test the kill effect. For growth inhibition measurements, a 2-mL aliquot was sampled from each TMLB vial and inoculated and incubated anaerobically in 50 mL fresh BHI with an atmosphere consisting of 10% CO 2 , 10% H 2 , and 80% N 2 at 37°C. The OD 600 was measured every hour to determine the growth curve. The assays were performed in triplicate.
Cell Treatment and RNA Extraction
SnF 2 , NaF, and sodium gluconate (NaGlu) were reagent grade salts purchased from Sigma-Aldrich. S. mutans UA159 was treated by the following treatment solutions: 1) SnF 2 , 0.084 mM SnF 2 /0.084 mM NaGlu, equivalent to 10 ppm Sn 2+ and 3.2 ppm F -; 2) NaF, 0.168 mM NaF/0.084 mM NaGlu, equivalent to 3.2 ppm F -; and 3) negative control, 0.084 mM NaGlu. Midlog phase A. viscosus C505 was treated by the following treatment solutions: 1) SnF 2 , 0.84 mM SnF 2 /0.84 mM NaGlu, equivalent to 100 ppm Sn 2+ and 32 ppm F -; 2) NaF, 1.68 mM NaF/0.84 mM NaGlu, equivalent to 32 ppm F -; and 3) negative control, 0.84 mM NaGlu. Bacteria were incubated only once in above treatment solutions for a total period of 10 min at 37°C (n = 4) and then were immediately frozen at −80°C. Total RNA from the treated bacteria was extracted using the Ambion RiboPure bacteria kit (Life Technologies) according to the manufacturer's instructions. The RNA concentrations were quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies), and the quality of RNA extracts was assessed by formaldehyde agarose gel electrophoresis.
Microarray Experiments
Total RNA was amplified using the Ambion MessageAmp II-Bacteria kit (Life Technologies) according to the manufacturer's instructions, and complementary DNA (cDNA) was labeled with Cy3 and Cy5 using the Klenow enzyme. The S. mutans U159 and A. viscosus C505 custom long oligonucleotide (60-mer) arrays (12 × 135k) were manufactured based on NimbleGen proprietary Maskless Array Synthesizer (MAS) technology. Array hybridization, washing, scanning, and data analysis were carried out according to the NimbleGen Expression user's guide and performed at CapitalBio Corporation.
Data Analysis
The probe intensities were subjected to background correction and quantile normalization (Bolstad et al. 2003) . The expression data of genes were generated using the Robust MultiArray Analysis (RMA) algorithm, as implemented in the NimbleScan Software version 2.6 (Roche NimbleGen). Significantly differentially expressed genes between the SnF 2 , NaF, and negative control groups were identified by the 2-class unpaired method, using the Significant Analysis of Microarray software (SAM, version 3.02). Fold change ≥1.500 or ≤0.667 and q value (%) ≤5, which corresponds to a 5% false discovery rate, were selected as significantly differentially expressed genes in the microarray data.
Results
Determination of Sn 2+ Inhibition Concentrations
To distinguish the gene expression change difference of S. mutans and A. viscosus against SnF 2 and NaF treatments under equivalent fluoride, we identified the concentration of SnF 2 that inhibited the growth of S. mutans (10 ppm Sn 2+ ) and A. viscosus (100 ppm Sn 2+ ) but did not affect its viability. Under equivalent level of F (3.2 ppm F -and 32 ppm F -, respectively), NaF did not show inhibition on the bacterial growth curve. It was reported that 300 ppm F could also inhibit the growth curve of S. mutans (Ferretti et al. 1982) , but under this equivalent F, the stannous level would reach as high as 940 ppm and might cause lethal-related gene expression.
Gene Expression Profiling Microarray Analysis
Most significantly differentially expressed genes were downregulated genes rather than upregulated genes, most of which were not well annotated. According to filtering criteria, significantly downregulated genes of S. mutans and A. viscosus in the presence of SnF 2 (at 10 ppm and 100 ppm Sn 2+ , respectively) for 10 min are listed in the Table ( hypothetical genes or genes with no annotations are excluded). Most of the downregulated genes were related to the galactose pathway, the phosphotransferase system (PTS), or the multiple sugar metabolism (msm) system. Effects of fluoride and stannous fluoride on genes are further differentiated as noted in the Table. A schematic is shown to demonstrate the overall pathways affected by SnF 2 treatment (Fig. 1) .
Cross-mapping of Downregulated Genes of S. mutans in the Galactose Pathway
The galactose pathway of S. mutans was published previously (Zeng et al. 2010) . We compared the differentially expressed genes of S. mutans in our study with the published galactose pathway and ran a cross-mapping for these genes. The result is shown in Fig. 2 . Following a 10-min exposure, NaF significantly inhibited several genes encoding enzymes of the galactose tagatose pathway versus negative control: lacA and lacB (A and B subunits of the galactose-6-P isomerase), lacC (tagatose-6-P kinase), lacD (tagatose-1,6-bP aldolase). Compared with NaF, SnF 2 significantly inhibited the other 3 genes encoding the enzymes of the galactose Leloir pathway after a 10-min exposure: galK (galactokinase), galT (galactose-1-phosphate uridylyltransferase), and galE (UDP-glucose 4-epimerase). Another comparison of gene expression of SnF 2 versus negative control confirmed that all 7 genes encoding the enzymes of the tagatose and Leloir pathways were inhibited significantly by SnF 2 (Table, Fig. 2 ).
Discussion
Stannous fluoride was the first ingredient demonstrated to be clinically effective in prevention of caries when added to toothpastes in the 1950s (Muhler 1957) . Like other fluorides, SnF 2 provides the benefits of remineralization and protection against demineralization. However, it is unique from other fluorides because it has antimicrobial properties (Cheng et al. 2017; Fernández et al. 2017 ). Ramji and colleagues demonstrated the ability of a 0.454% stannous fluoride formulation to reduce acidogenicity using in vitro biofilms in the Plaque Glycolysis and Regrowth Model (Ramji et al. 2005) . Furthermore, stannous fluoride has been shown to reduce the amount of total acid from plaque glycolysis by over 50% relative to sodium fluoride (White et al. 1995) . To deliver the antimicrobial benefits, stannous fluoride must be bioavailable, requiring formulation in a stabilized dentifrice. Many early formulations did not meet these criteria and therefore did not deliver maximum efficacy. In addition, they had esthetic negatives. In recent years with continued research in the field, stannous fluoride has experienced a renaissance-with its antimicrobial properties fashioned into dentifrices providing multiple therapeutic as well as esthetic benefits (White et al. 1995; Baig and He 2006) . A dentifrice comprising 0.454% stannous fluoride (1,100 ppm fluoride ion) was clinically shown to produce statistically significant caries reductions relative to a 0.243% sodium fluoride dentifrice (1,100 ppm fluoride ion) in a 2-y clinical study (Stookey et al. 2004 ). This clinical observation was consistent with historical rat caries studies that reported that stannous fluoride treatment in water provided significant reductions in cavities compared to sodium fluoride at equal levels of fluoride ion (Muhler and Day 1951) . One hypothesis advanced for this efficacy may be effects of stannous fluoride on acid formation by dental plaque, in addition to its other anticaries mechanisms. This study expands our understanding of the pathways of suppression of plaque acidogenicity for SnF 2 .
Among all oral bacteria, S. mutans is an important organism implicated in dental caries (tooth decay) worldwide and is considered the most cariogenic of all oral streptococci. The genome of S. mutans UA159 has been sequenced completely and is composed of 2,030,936 base pairs. It contains 1,963 open reading frames (ORFs), 63% of which have been assigned putative functions (Ajdić et al. 2002) . A. viscosus c505.1 also has reported genome information (Broad Institute 2014). In this study, the effects of sodium and stannous fluoride were compared for effects on gene expression in these 2 cariogenic strains.
With respect to ionic fluoride, in vitro enzymatic activity tests previously indicated that fluoride inhibits enolase by binding directly to the protein moiety of the enzyme in the presence of phosphate . In our study, upon 10 min of NaF treatment, lacA, lacB, lacC, and lacD mutans gene expression was inhibited significantly (0.21-, 0.29-, 0.36-, and 0.58-fold change, respectively, compared with the negative control). This indicates that besides the fluoride-enzyme interaction, fluoride also inhibits gene expression in the tagatose pathway. This study also confirmed observations of Kanapka and colleagues (1971) by showing that NaF significantly inhibited the genes involved in mannose/cellobiose/fructose/sugar-specific components of the PTS compared to the nonfluoride negative control (Table) . Here we observed that SnF 2 inhibited many genes involved in sugar metabolism, including the phosphoenolpyruvate (PEP)-dependent sugar-PTS, multiple sugar metabolism (msm) system, and the galactose pathway (Table) .
Multiple sugars are transported into bacterial cells via specific PTSs (Deutscher et al. 2006 ). We observed that several genes involved in PTSs specific for transport of glucose, lactose, mannose, sorbose, cellobiose, and fructose were inhibited significantly by SnF 2 (Table) . We also observed that SnF 2 downregulated all 7 genes involved in (multiple) sugar metabolism (msm), including α-galactosidase (agaL), a "periplasmiclike" sugar-binding protein (msmE), 2 membrane proteins (msmF, msmG), sucrose phosphorylase (gtfA), an ATP-binding protein (msmK), dextran glucosidase (dexB), and the scrB gene encoding the sucrose-specific PTS (Table) . In earlier studies, Engels et al. (2008) observed that a scrB deletion mutant of Corynebacterium glutamicum could not grow on sucrose as the The same genes were also found to be downregulated significantly in comparing NaF treatment to negative control. The same genes were also found to be downregulated significantly in comparing SnF 2 treatment with NaF treatment.
sole carbon source. Gene expression results support that sucrose uptake would be effectively impaired by SnF 2 since it represses scrB expression as well as all the genes involved in msm.
One of the most interesting findings of this study was the strong differential inhibition of galactose metabolic pathways by stannous fluoride. Galactose metabolic pathways primarily use lactose. Lactose, abundant in milk and other dairy products, is considered to play an important role in oral microbial ecology due to its use in the human diet. Bovine milk has a mixed association with dental caries, since in addition to lactose-a potentially cariogenic sugar-milk has protective factors such as casein phosphopeptides (Cochrane and Reynolds 2012; Gupta et al. 2016; Hani et al. 2016) . In Grampositive bacteria, lactose is internalized by the PEP-dependent PTS, yielding lactose-6-phosphate (Lac-6-P). Zeng et al. (2010) demonstrated that Lac-6-P is hydrolyzed to glucose and galactose-6-phosphate (Gal-6-P) by a cytoplasmic phospho-β-galactosidase (lacG). They also showed that Gal-6-P can be catabolized by the tagatose-6-phosphate pathway, including the 2 subunits of the heteromeric galactose-6-phosphate isomerase (lacAB), a tagatose-6-phosphate kinase (lacC), and a tagatose-1,6-bisphosphate aldolase (lacD). Intracellular lactose is cleaved by a β-galactosidase enzyme, and D-galactose can directly enter the Leloir pathway, including galK (galactokinase), galT (galactose-1-phosphate uridylyltransferase), and galE (UDP-glucose 4-epimerase) (shown in Fig. 2) . SnF 2 treatment (10 ppm Sn negative control and confirmed that 7 genes in both the tagatose and Leloir pathways were inhibited (fold changes: lacA, 0.26; lacB, 0.33; lacC, 0.39; lacD, 0.64; galK, 0.51; galT, 0.34; and galE, 0.47) (Table, Fig. 2) . Abranches et al. (2004) have reported on the importance of the Leloir pathway, as the inactivation of the galK gene in the Leloir pathway severely impaired the ability of S. mutans to grow with galactose as the sole carbohydrate. The comparison of the results among the 3 treatments indicated that the Sn 2+ delivered as SnF 2 has a very specific impact on genes in the Leloir pathway, which fluoride itself does not have.
In contrast to S. mutans, A. viscosus C505 presented as less sensitive to 100 ppm Sn 2+ (in the form of SnF 2 ); in our study, only 9 genes were found to be inhibited significantly. Gene annotation in this bacterium, however, is very limited. Among the genes inhibited by SnF 2 or Sn ion (Table) , ldh encoding lactate dehydrogenase (LDH) is of highest significance in caries development, since it is a key enzyme involved in lactic acid synthesis. We observed a significant reduction in the expression of the L-lactate dehydrogenase gene (ldh) in A. viscosus upon exposure to 100 ppm Sn 2+ (in the form of SnF 2 ) for 10 min, compared to NaF treatment (fold change, 0.47) or a negative control (fold change, 0.37). There was no change in ldh gene expression upon NaF treatment compared to the negative control, indicating that NaF did not show inhibition effect on this pathway. These results indicate that Sn 2+ ions specifically inhibit gene expression of LDH, the most important enzyme in the fermentation process leading to lactic acid production. We postulate that with the lower transcription of the ldh gene, the amount of lactate dehydrogenase as well as lactic acid excretion is affected. The gene encoding the pilus assembly protein of A. viscosus, cpaF, was also significantly downregulated by SnF 2 treatment (Table) . Bacterial pilus can mediate attachment to surfaces, an early step in the establishment of plaque, by binding specifically to sugars present on host tissue cells (Sauer et al. 2000) .
Investigators have previously demonstrated that fluoride inhibits microbial growth, metabolic activity, and acid production in dental plaque in vitro and in vivo (Jenkins 1959; Woods 1971; Bowen 1974) . Both enolase and PEP-PTS were previously identified as metabolic pathways influenced by fluorides. This study measured effects of fluoride and stannous fluoride on gene expression in 2 organisms with prominent roles in caries development, and they importantly support general observations on the comparative effects of SnF 2 versus F ions previously seen in the literature. For example, Mayhew and Brown (1981) previously compared the effects of SnF 2 , NaF, and SnCl 2 on the growth of a cariogenic strain of S. mutans. SnF 2 suppressed bacterial growth at a F − concentration of 75 ppm, whereas it required 300 ppm of F − in NaF to achieve a similar suppression of bacterial growth. At 75 ppm of F − , SnF 2 suppressed bacterial growth for 9 h, following a 30-h recovery period. Moreover, the addition of 150 ppm F − and 468 ppm Sn 2+ decreased bacterial counts by 2 log 10 units after 1 h. The greater inhibition by SnF 2 suggests an additive effect of Sn 2+ . Our microarray results support that stannous fluoride uniquely suppresses bacterial sugar metabolism in 2 important bacterial strains associated with caries.
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